THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 47, pp. 32336-32343, November 20, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

The Macrophage Cholesterol Exporter ABCA1 Functions as an

Anti-inflammatory Receptor”

Received for publication, July 21,2009, and in revised form, September 7, 2009 Published, JBC Papers in Press, September 25, 2009, DOI 10.1074/jbc.M109.047472

Chongren Tang, Yuhua Liu, Peter S. Kessler, Ashley M. Vaughan, and John F. Oram'
From the Division of Metabolism, Endocrinology and Nutrition, Department of Medicine, University of Washington,

Seattle, Washington 98195

ATP-binding cassette transporter A1 (ABCA1) is a cell mem-
brane protein that exports excess cholesterol from cells to apo-
lipoprotein (apo) A-I, the major protein in high density lipopro-
teins. Genetic studies have shown that ABCA1 protects against
cardiovascular disease. The interaction of apoA-I with ABCA1
promotes cholesterol removal and activates signaling mole-
cules, such as Janus kinase 2 (JAK2), that optimize the lipid
export activity of ABCA1. Here we show that the ABCA1-medi-
ated activation of JAK2 also activates STAT3, which is inde-
pendent of the lipid transport function of ABCA1. ABCA1 con-
tains two candidate STAT3 docking sites that are required for
the apoA-I/ABCA1/JAK2 activation of STAT3. The interaction
of apoA-I with ABCA1-expressing macrophages suppressed the
ability of lysopolysaccaride to induce the inflammatory cyto-
kines interleukin-1f3, interleukin-6, and tumor necrosis fac-
tor-a, which was reversed by silencing STAT3 or ABCAL1. Thus,
the apoA-I/ABCA1 pathway in macrophages functions as an
anti-inflammatory receptor through activation of JAK2/STATS3.
These findings implicate ABCA1 as a direct molecular link
between the cardioprotective effects of cholesterol export from
arterial macrophages and suppressed inflammation.

Two major processes that initiate the formation of athero-
sclerotic lesions in the artery wall are inflammation and the
deposition of excess cholesterol in macrophages. It is believed
that both of these events are in response to trapping of sterol-
rich lipoproteins in the artery, where they undergo oxidation
and other modifications to become inflammatory stimuli that
recruit and activate macrophages (1). These cells ingest and
degrade the modified lipoproteins, leading to intracellular
accumulation of cholesterol ester lipid droplets.

Population studies have shown an inverse relationship
between circulating levels of HDLs and risk for cardiovascu-
lar disease, implying that factors associated with HDL metab-
olism are cardioprotective. One of these factors is ABCAI,
which exports cholesterol and phospholipids from cells to lip-
id-poor apoA-I to generate precursors for HDL particles (2).
Because it is highly induced by sterols through nuclear recep-
tors, ABCAL1 is expressed in cholesterol-loaded cells, such as
macrophages in atherosclerotic lesions (3). Loss-of-function
mutations in ABCA1 accelerate atherosclerosis (4), which is
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likely to be the result of enhanced accumulation of cholesterol-
rich macrophages in arteries and the hyper-inflammatory
responses of these cells.

The cholesterol export function of ABCA1 occurs by a cas-
cade of events involving direct binding of apoA-I to ABCAI,
activation of signaling pathways, and solubilization of cho-
lesterol and phospholipid domains formed by ABCA1 on the
cell surface (5). We reported previously that incubating
ABCA1-transfected baby hamster kidney (BHK)? cells with
apoA-I or its synthetic mimetic peptides for only minutes dra-
matically increased autophosphorylation and thus activation of
JAK2 by an ABCA1-dependent mechanism. Activation of JAK2
enhanced the apoA-I binding activity of ABCA1 responsible for
lipid removal (6, 7). Thus JAK2 plays a feed-forward mecha-
nism for optimizing the lipid export function of ABCAL.

Receptor-mediated activation of JAK2 usually stimulates sig-
naling pathways that activate transcription factors called
STATs (8). We therefore investigated the possibility that the
interaction of apoA-I with ABCA1 also activates one or more
STATs. We found that exposing ABCA1 expressing cells to
apoA-I increased phosphorylation of STAT3 without affecting
STAT1 or STATS5, and this was independent of the lipid export
activity of ABCA1. Because STAT3 plays a major role in sup-
pressing inflammatory cytokine production by macrophages
(9), a cell-type that expresses high levels of ABCA1 when sterol
loaded, we also examined the possibility that the interaction of
apoA-Iwith ABCA1 could suppress macrophage inflammatory
cytokine production through STAT3. Results show that incu-
bating apoA-I with activated ABCA1-expressing macrophages
suppresses production of inflammatory cytokines IL-13, IL-6,
and TNF-a by a STAT3-dependent process, raising the possi-
bility that the ABCA1 has a direct anti-inflammatory function
in addition to its lipid export activity.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—STAT3, phospho-STAT3, and
phosopho-JAK2 antibodies were purchased from Cell Signal-
ing; and STAT1, phopsho-STATI1, anti-STAT5, phospho-
STATS5, and JAK2 antibodies were purchased from Santa Cruz.
ABCAL1 antibody was purchased from Novus. The JAK2 spe-
cific inhibitor AG490 was purchased from Sigma, and cell-per-

2 The abbreviations used are: BHK, baby hamster kidney; JAK, Janus kinase;
STAT, signal transducers and activators of transcription; IL, interleukin; TNF,
tumor necrosis factor; HDL, high density lipoprotein; LDL, low density
lipoprotein; WT, wild-type; DMEM, Dulbecco’s modified Eagle’s medium;
siRNA, small interfering RNA; RT, reverse transcription; LPS, lipopolysac-
charide; P-STAT, phosphorylated STATs; NBD, nucleotide binding domain.

VOLUME 284 -NUMBER 47+NOVEMBER 20, 2009



meable STAT3 inhibitor was purchased from Calbiochem.
ApoA-I was purified from HDL as described previously (10).

Mice—C57BL/6 and DBA mice were purchased from Jackson
Laboratories. ABCA1~/~/DBA mice were a gift from Robert
Aiello, Pfizer-Wyeth; STAT3%/1°/C57BL/6 mice were a gift
from Shizuo Akiro, Osaka University; and Lys-M-Cre/C57BL/6
mice were a gift from Karin Bornfeldt, University of Washington.
To generate mice lacking STAT3 in macrophages and neutrophils,
STAT3%¥/°x \vere crossed with Lys-M-Cre mice to generate
mice that carried the homozygous STAT3%*1°X/Lys-M-Cre
mice. Control wild-type mice were generated by interbreeding
STAT3“** with Lys-M-Cre mice.

ABCAI-transfected Cells and Cell Culture—Wild-type and
mutant BHK cells expressing mifepristone-inducible human
ABCA1 were generated as described previously (11). Control
(mock) BHK cells were derived from the same clonal line trans-
fected with plasmids lacking the ABCA1 cDNA insert. Site-
directed mutagenesis of ABCA1 was carried out using the
QuikChange XL Site-directed mutagenesis kit (Stratagene, CA)
(5). Cells were selected against Neozi, and clonal lines express-
ing similar amounts of wild-type (WT) ABCA1l, mutants
Y924F, Y1990F, or Y924/1990F were used for the experiments.
BHK cells were maintained in DMEM with 10% fetal bovine
serum until experiments. J774 cells were cultured in DMEM
with 10% fetal bovine serum. To induce ABCA1 expression,
J774 cells were loaded overnight with 50 wg/ml acetylated LDL
in the presence of 5 uM TO901317 (an LXR agonist that induces
ABCA1) in DMEM containing 0.1% fatty acid-free bovine albu-
min (12). Thioglycollate-elicited peritoneal macrophages were
obtained as previously described (13) and cultured in DMEM
with 10% fetal bovine serum for 2 h, unseeded cells were washed
away, and the medium was changed to DMEM, 0.1% fatty acid-
free bovine albumin. To induce ABCA1 expression, cells were
loaded with 50 ug/ml acetylated LDL overnight. Because non-
induced macrophages or BHK cells express very low or no
detectable endogenous ABCAL, cells treated with inducers are
defined as “cells expressing ABCA1.” For cytokine expression
experiments, cells were pre-treated with or without 10 ug/ml of
apoA-I in DMEM, 0.1% fatty acid-free bovine albumin for 3 h,
washed twice, treated with or without 10 ng/ml LPS for 3 h, and
then processed for RNA extractions. Bone marrow macro-
phages for immunoblots were derived by flushing out mouse
femurs and tibias with RPMI 1640, 10% fetal bovine serum and
culturing cells for 1 week.

Cholesterol Export—Cellular cholesterol was labeled with 1
wCi/ml of [*H]cholesterol (PerkinElmer Life Sciences) added to
the growth medium 24 h prior to mifepristone incubations.
Washed cells were then incubated with DMEM/BSA minus or
plus 10 pg/ml apoA-I, and medium and cells were assayed for
free [*H]cholesterol (14). ApoA-I-mediated cholesterol efflux
was calculated as the percent total [*H]cholesterol released into
medium after subtraction of values obtained in the absence of
apoA-I and was normalized to values for cells expressing wild-
type ABCAL. Cells without induced ABCA1 had cholesterol
efflux values insignificantly above induced cells incubated in
the absence of apoA-I

Immunoblots and Immunoprecipitation—Cells were lysed in
Tris-HCI buffer (50 mm Tris-HCl, pH 7.4, 120 mm NaCl, 1%
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Nonidet P-40) supplemented with protease inhibitors (Com-
plete mini; Roche) and phosphatase inhibitors (phosphatase
inhibitor mixture II; Calbiochem) and then centrifuged at
15,000 X g for 10 min at 4 °C. Protein concentration was meas-
ured using the Bio-Rad protein assay reagent as instructed.
Equal amounts of protein were added per gel lane, resolved by
SDS-PAGE gel, transferred to nitrocellulose, and immuno-
blotted with the indicated antibodies. For immunoprecipita-
tion, 1000 —2000 pg of protein of 1 ml of lysates were incubated
with the indicated antibodies (2—4 ug) overnight at 4 °C fol-
lowed by incubation for 1 h with Protein A-magnetic beads.
Immunocomplexes were then resolved by SDS-PAGE and
immunoblotted with the indicated antibodies. Band intensity
was quantified from the autoradiograph scans using OptiQuant
computer software (Packard Instruments).

siRNA—Thioglycollate-elicited mouse peritoneal macro-
phages or J774 cells were plated in 24-well plates and main-
tained in DMEM with 10% (v/v) heat-inactivated fetal bovine
serum, penicillin, and streptomycin. Silencer negative con-
trol siRNA and silencer validated STAT3 siRNAs (mSTAT3
siRNA: sense, 5'-AAGGCCGTGGTGCGTGAGAAA-3') were
purchased from Ambion. Transfection with siRNA diluted in
Opti-MEM I at a concentration of 100 nmol was performed
using Hiperfect transfection reagent (Qiagen) according to
their instruction. One day after transfection, medium was
changed, and cells were loaded overnight with 50 ug/ml of
acetylated LDL in DMEM without (peritoneal macrophages) or
with 5 um TO901317 (J774 macrophages). Cells were treated
with or without 10 ug/ml of apoA-I for 3 h, washed twice, and
then treated with/without 10 ng/ml of LPS for 3 h. Cells were
collected for RT-PCR analyses.

RT-PCR—The one-step real-time RT-PCR was performed to
quantify cytokines mRNA expression using the Mx4000 Muli-
plex Quantitative PCR system (Stratagene, La Jolla, CA) and the
TaqMan one-step RT-PCR master reagent kit (ABI), according
to the instructions. The amplifications of cytokines and glycer-
aldehyde-3-phosphate dehydrogenase RNA were run using 100
ng of total RNA retrieved from samples using the Agilent total
RNA isolation kit (Agilent Technology). Reactions were pre-
pared in a 96-well optical grade PCR plate in a total of 50 ul
containing the following components: 100 ng of total RNA, 25
wl of 2X master mix, 2 units of the reverse transcriptase Super-
Script II, and 25 ul of TagMan Gene Expression assay mixture
(including primers and probe, from ABI). Thermal cycling con-
ditions consisted of an initial reverse transcription step at 45 °C
for 30 min, followed by 10 min at 95 °C, and then followed by 40
cycles of amplification. Each cycle of amplification consisted of
a denaturizing step at 95 °C for 30 s and an annealing/extension
step at 60 °C for 1 min. The IL-18, TNF-«, IL-6, glyceralde-
hyde-3-phosphate dehydrogenase, and 18S primers and probes
used for the RT-PCR were purchased from Applied Biosystems
and used TagMan Gene Expression Assays.

Data Analyses—Results were calculated as mean * S.D. of
3—6 values, and statistical differences were calculated by Stu-
dent’s t test. Differences were considered to be significant at
p < 0.05.
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FIGURE 1. ApoA-I stimulates ABCA1-bound JAK2 autophosphorylation
and ABCAT1 tyrosine phosphorylation. ABCA1-transfected BHK cells were
treated without (—, Mock) or with (+, ABCAT) 10 nm mifepristone to induce
ABCA1; cells were treated without (=) or with (+) 10 ng/ml of apoA-I for 15
min (A-D) or 1 h (E); JAK2 (A and B) or ABCA1 (C-E) were immunoprecipitated
from lysates; proteins were resolved by SDS-PAGE and transferred to nitrocel-
lulose; and P-JAK2 (A and D), total JAK2 (B and C), or phosphotyrosine residues
(E) were detected by immunoblot analyses. To block JAK2-mediated phos-
phorylation (E), cells were pre-treated with AG490 (+) for 30 min prior to the
apoA-l incubations.

RESULTS

Using an antibody specific for the phosphorylated form of
JAK2 (P-JAK2), we found that incubating ABCA1-transfected
BHK cells with apoA-I for only minutes dramatically increased
phosphorylation and thus activation of JAK2, which was not
observed in cells lacking ABCA1 (Fig. 1A). The total cell con-
tent of JAK2 was unaffected by either ABCA1 expression or
exposure to apoA-I (Fig. 1B).

We carried out co-immunoprecipitation studies to deter-
mine whether JAK2 and ABCA1 form a molecular complex.
When ABCA1 was induced in transfected BHK cells, JAK2 co-
immunoprecipitated with ABCA1 whether or not cells were
treated with apoA-I (Fig. 1C). This JAK2 was phosphorylated
only when the ABCA1l-expressing cells were treated with
apoA-I (Fig. 1D). We also found that treating lysates of ABCA1-
expressing BHK cells with a P-JAK2 antibody co-precipitated
ABCA1 (not shown). Thus, JAK2 constitutively binds to
ABCALI, where it is activated by apoA-I.

Because JAK2 is a tyrosine kinase, we examined ABCA1
immunoprecipitated from transfected BHK cells for changes in
its phosphotyrosine content using an antibody specific for this
modified amino acid. Phosphorylated tyrosines were detected
in ABCA1 in the basal state, but this increased over 2-fold when
cells were incubated with apoA-I (Fig. 1E). Reversal of this
increase by AG490 (a JAK2-specific inhibitor) implied that
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FIGURE 2. apoA-l interactions with ABCA1-expressing cells increases
phosphorylation of ABCA1-associated STAT3. ABCA1-nonexpressing (—,
untreated) and -expressing (+, induced) transfected BHK cells (Tf-BHKs,
induced with mifipristone) (A and B) or J774 macrophages (C and D, induced
with the LXR agonist TO901317) were incubated for 1 h without (=) or with
(+) 10 ng/ml of apoA-I; and whole cell lysates (A and C) or immunoprecipi-
tated P-STAT3 (B) or ABCA1 (D) were immunoblotted for phosphorylated
STAT3 (P-STAT3) (A and (), phosphorylated STAT1 (P-STAT1) (A), ABCA1 (B),
whole STAT3 (D), or P-STAT3 (D). Total STAT3 in BHK cells and J774 macro-
phages did not change under any treatment conditions. ABCA1 was unde-
tectable in the absence of inducer.

JAK2 was responsible for this effect. These results are consist-
ent with the idea that the interaction of apoA-I with ABCA1-
expressing cells rapidly activates JAK2, which in turn phosphor-
ylates ABCAL tyrosines.

Activation of JAK2 through binding of ligands to a wide vari-
ety of plasma membrane receptors also activates one or more of
a family of transcription factors called STATSs (8). We therefore
tested the possibility that the interaction of apoA-I with
ABCA1 activates a STAT using antibodies specific for different
P-STATs. Incubating BHK cells lacking ABCA1 with apoA-I
had no effect on phosphorylation of STAT3, STAT1 (Fig. 24),
or STAT5 (not shown). When ABCA1 was induced, however,
apoA-I stimulated STAT3 but not STAT1 (Fig. 24) or STAT5
phosphorylation. This effect was inhibited by AG490 (not
shown), implying that it was mediated by JAK2. When lysates of
transfected BHK cells were treated with an antibody specific for
P-STAT3, ABCA1 was co-immunoprecipitated with P-STAT3
only from cells expressing ABCA1 and incubated with apoA-I
(Fig. 2B).

We also examined the possibility that apoA-I-mediated
activation of STAT3 occurs in cholesterol-loaded macro-
phages, the cell-type most relevant to ABCA1 cell biology in
vivo (3). P-STAT3 levels were markedly increased in J774 mac-
rophages when they were incubated with the LXR agonist
T0901317 to induce ABCA1 and then treated with apoA-I (Fig.
2C). Total STAT3 and P-STAT3 were co-immunoprecipitated
with ABCAL1 only from macrophages that were induced to
express ABCA1 and exposed to apoA-I (Fig. 2D). Thus, incu-
bating ABCA1-expressing macrophages with apoA-I recruits
STAT3 to ABCA1 where it becomes phosphorylated. Taken
together, these results suggest that the interaction of apoA-I
with ABCA1l-expressing cells rapidly activates JAK2, which
creates phosphorylated docking sites on ABCA1 that bind and
activate STAT3.

The STAT3 docking sites in cytosolic domains of plasma
membrane receptors have a highly conserved YXXQ sequence
(15). We searched ABCAL1 for these motifs and found one in

VOLUME 284 -NUMBER 47+NOVEMBER 20, 2009



each of the large cytosolic loops that contain the nucleotide
binding domains (NBDs): at amino acids 924-927 (YEGQ) in
NBD1 and residues 1990 -1994 (YCPQ) in NBD2. These motifs
are highly conserved between ABCAIs of different species
(chimpanzee, horse, dog, cow, mouse, rat, chicken, zebrafish,
zebra finch, platypus, and tree shrew), and the Tyr-1990 motifis
conserved between all ABCAs.

We generated cells expressing ABCA1 with phenylalanines
substituted for tyrosines in each or both of these YXXQ motifs
and selected clonal cell lines that had similar ABCA1-depend-
ent cholesterol efflux activities and ABCA1 protein levels
(based on immunoblots) as cells expressing wild-type ABCA1
(Fig. 3A). We compared the ability of apoA-I to stimulate phos-
phorylation of STATS3 in these different cell lines by scanning
autoradiograms of blots probed with P-STAT3 antibody and
reprobed with total STAT3 antibody and by calculating the
ratios.

Exposing apoA-I to BHK cells transfected with wild-type
ABCAL1 tripled the fraction of STAT3 that was phosphorylated
(Fig. 3B). Mutating Tyr-924 slightly decreased this fraction, but
mutating Tyr-1990 markedly decreased apoA-I-stimulated
phosphorylation of STAT3. Mutating both Tyr-924 and Tyr-
1990 completely abolished apoA-I-stimulated STAT3 phos-
phorylation, suggesting some cooperativity between these two
sites. Probing immunoprecipitates of STAT3 with an ABCA1
antibody revealed that the apoA-I-stimulated interaction of
ABCA1 with STAT3 was completely abolished by the Y924F/
Y1990F mutations (Fig. 3C). These findings implicate these
motifs, especially Tyr-1990, as the docking sites on ABCA1
required for STAT3 activation.

A lack of effect of the Y924F and Y1990F mutations on cho-
lesterol efflux despite a loss of STAT3 phosphorylation (Fig. 3,
A and B) indicates that the ABCA1l-dependent activation of
STATS3 plays no role in the cholesterol export function of
ABCAL. This idea was further supported by studies showing
that silencing of STAT3 with a siRNA had no effect of apoA-I-
mediated cholesterol or phospholipid efflux (not shown).

ABCAL1 is induced by sterol-sensing LXR nuclear receptors
and thus is expressed at high levels in cells that accumulate
cholesterol, such as tissue macrophages. In macrophages, the
JAK2/STATS3 signaling pathway has an anti-inflammatory
function (9). We therefore tested the effects of apoA-I on
expression of anti-inflammatory cytokines by ABCA1-express-
ing J774 macrophages. For these studies, we loaded cells with
cholesterol and treated them with the LXR agonist TO901317
to induce ABCA1 (16), incubated them without or with apoA-I
for 3 h, incubated them for an additional 3 h without or with the
inflammatory agent LPS in the absence of apoA-I, and meas-
ured the levels of TNF-e, IL-18, and IL-6 mRNA. The purpose
of these studies was to determine whether preincubating
ABCA1l-expressing macrophages with apoA-I affects subse-
quent cytokine production in response to LPS.

In agreement with studies by others (17), we found that
pretreating these cells with the LXR agonist alone markedly
suppressed the ability of LPS to induce TNF-¢, IL-13, and
IL-6 (not shown). Despite this baseline suppression, how-
ever, exposing cells to LPS for 3 h still increased transcrip-
tion of these cytokines by 2—4-fold (Fig. 44). Although apoA-I
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FIGURE 3. Mutating candidate STAT3 docking sites in ABCA1 reduces
apoA-I-stimulated STAT3 phosphorylation and ABCA1 association with-
out affecting cholesterol efflux. A, mifepristone-treated BHK cells trans-
fected with wild-type (WT) ABCA1 or ABCA1 containing Y924F, Y1990F, or
Y924F/Y1990F substitutions were labeled with [*H]cholesterol and incubated
for 2 h without or with 10 ng/ml apoA-I, and cholesterol efflux was calculated
as the apoA-I-mediated release of [*H]cholesterol into the medium normal-
ized for values for WT cells. A, total ABCA1 protein was detected by immuno-
blots of ABCA1 from equal amounts of total cell protein from WT and mutant
cells resolved on the same gel. B, lysates from equal amounts of whole cell
protein from BHK cell lines incubated for 1 h without or with 10 ug/ml apoA-I
were immunoblotted first with a P-STAT3 antibody and reprobed with a
STAT3 antibody. Autoradiograms were scanned and quantified, and the rel-
ative amount of STAT3 phosphorylated was calculated as a ratio of P-STAT3 to
STAT3 signal for each sample (mean * S.D. from four experiments). Total
STAT3 did not differ between wild-type and mutant cell lines (not shown).
C, whole cell lysates from BHK cells transfected with WT and Y924F/Y1990F
were immunoprecipitated with anti-STAT3 antibody and immunoblotted
with anti-ABCA1 antibody.

had little effect on cytokine mRNA levels without LPS treat-
ment, it markedly reduced the stimulatory effects of LPS (Fig.
4A). Thus, the interaction of apolipoproteins with ABCA1-ex-
pressing macrophages suppresses LPS-induced inflammatory
cytokine production.

We used siRNA transfections to determine whether apoA-I
is exerting its anti-inflammatory effects through STATS3.
Results from three experiments showed that transfecting
J774 macrophages with STAT3 siRNA reduced STAT3 pro-
tein levels by 50 — 60% when compared with cells transfected
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FIGURE 4. ApoA-l inhibits inflammatory cytokine production in macrophages by a STAT3-dependent
mechanism. A, J774 macrophages were loaded for 24 h with 50 uwg/ml of acetyl-LDL-derived cholesterol,
incubated for 24 h with 5 ng/ml of TO901317 to induce ABCA1, incubated without or with 10 ng/ml of
apoA-Ifor 3 h, and treated without or with 10 ng/ml of LPS for 3 h. TNF-q, IL-13, and IL-6 mRNA levels were
measured by RT-PCR and normalized to glyceraldehyde-3-phosphate dehydrogenase mRNA levels.
Results are mean = S.D. of triplicate values from 2 separate experiments representative of four similar
experiments. *, p < 0.001compared with no apoA-I. AU, arbitrary units (B) J774 (top) or mouse peritoneal
(MP, bottom) macrophages were loaded with 50 ug/ml of acetyl-LDL-derived cholesterol, transfected with
either a scrambled control (Ctr/, 100 nm) or STAT3 siRNA (50-100 nm), and J774 macrophages were incu-
bated for 24 h with 5 um TO901317. Cells were incubated for 3 h without or with 10 wg/ml of apoA-|,
washed, and incubated for 3 h with 10 ng/ml of LPS; and STAT3 levels were measured by immunoblot
analyses. C, cholesterol-loaded TO901317-treated J744 (top) or MP (bottom) macrophages were incubated
without or with 10 ng/ml of apoA-I for 3 h, and treated with 10 ng/ml of LPS for 3 h. TNF-« and IL-6 mRNA
levels were measured and expressed as percentage of no apoA-I values. Results are mean = S.D. of
triplicate values from two separate experiments representative of four similar experiments. *, p < 0.003
compared with controls. D, cholesterol-loaded peritoneal macrophages were pre-treated with the indi-
cated concentrations of STAT3 phosphorylation (P-STAT3) inhibitor for 2 h and then treated with or
without 10 png/ml apoA1 for 1 h. Cell proteins were immunoblotted with P-STAT3 antibody and then
re-probed with total STAT3 antibody. E, cholesterol-loaded MP macrophages were pretreated for 2 h
without (Ctrl) or with 10 um P-STAT3 inhibitor (Inhib), incubated without or with inhibitor or 10 ug/ml of
apoA-I for 3 h, and treated with 10 ng/ml LPS for 3 h. TNF-« and IL-6 mRNA levels were measured and
expressed as percentage of no apoA1 values. Results are mean = S.D. of quadruplicate values from two
separate experiments. *, p < 0.008 compared with controls.
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with a scrambled siRNA (Fig. 4B).
The ability of apoA-I to reduce
LPS-stimulated expression of TNF-
a (or IL-6) was partially but sig-
nificantly (p < 0.03) reversed by
knocking down STAT3 (Fig. 4C). In
this experiment, apoA-I decreased
TNEF-« and IL-6 mRNA levels by 46
and 56% in control cells, respec-
tively, and this was reduced to 25
and 26% in STAT3 siRNA-trans-
fected cells. These differences are
comparable with the degree of
silencing of STAT3 by the siRNA.
These findings support the con-
clusion that apoA-I suppresses in-
flammation in ]J774 macrophages
through the JAK2/STAT3 pathway.

Because ]J774 macrophages were
relatively resistant to silencing STAT3
with a siRNA, we used another
macrophage cell line to confirm
the involvement of STAT3 in the
anti-inflammatory effects of apoA-
I. With isolated mouse peritoneal
macrophages, transfection with
the same STAT3 siRNA reduced
STATS3 protein levels by ~80% (Fig.
4B). Also in contrast to J774 macro-
phages, we were able to induce
ABCAL1 to high levels by loading
them with acetylated LDL-derived
cholesterol without the need to
treat them with an LXR agonist
(data not shown). As with J774
macrophages, 3-h incubations of
cholesterol-loaded peritoneal mac-
rophages with apoA-I inhibited
LPS-induced expression of both
TNF-« and IL-6 (Fig. 4C). Trans-
fecting cells with the STAT3 siRNA
almost completely reversed the
inhibitory effects of apoA-I on LPS-
induced expression of TNF-a and
IL-6 (Fig. 4C). Thus, our results
show that apoA-I interactions with
two different types of ABCAI-
expressing macrophages inhibits
inflammatory cytokine production
by a STAT3-dependent process.

To examine if activation of
STAT3 is required for the anti-
inflammatory effects of apoA-I/
ABCAL1 interactions, we treated
macrophages with the cell-perme-
able STATS3 inhibitor peptide (18).
This inhibitor markedly reduced
STAT3 phosphorylation in choles-
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terol-loaded peritoneal macrophages without affecting total
STAT3 protein levels (Fig. 4D). Whereas apoA-I reduced sub-
sequent LPS-stimulated production of TNF-«a and IL-6 by
~60% in these cells, these apoA-I effects were reduced to less
than 30% in the presence of the STAT3 phosphorylation inhib-
itor (Fig. 4E). These findings support the idea that STAT3 acti-
vation is involved in the anti-inflammatory effects of apoA-I.

We used cholesterol-loaded peritoneal macrophages from
mice lacking macrophage STAT3 to further confirm a role of
STATS3 in the apoA-I-mediated suppression of cytokine pro-
duction. As an additional control, we compared the effects of
apoA-I with those of IL-10, a cytokine receptor system that
suppresses macrophage inflammation through STAT3 (9).
Because general knock-out of STAT3 is embryonic lethal (19),
we generated mice with STAT3 silenced specifically in myeloid
cells by breeding STAT3"™ mice with a mouse Lys-M-Ccre line,
which is under control of the macrophage/granulocyte-specific
lysozyme-M promoter. Immunoblots of peritoneal and bone
marrow macrophages from these mice showed a complete
absence of STAT3 as compared with cells from wild-type ani-
mals (STAT3"“!/Lys-M-Cre) or the whole population of
white blood cells from STAT3%?/Lys-M-Cre mice (Fig. 5A).

Knocking out STAT3 markedly reduced the ability of apoA-I
to suppress cytokine production from cholesterol-loaded peri-
toneal macrophages (Fig. 5B), supporting the idea that STAT3
plays a critical role in the anti-inflammatory effects of macro-
phage/apoA-I interactions. The ability of IL-10 to inhibit LPS-
induced cytokine production was completely absent in cells
lacking STAT3, consistent with IL-10 acting exclusively
through STATS3. These findings show that apoA-I mimics IL-
10 in suppressing inflammatory cytokine production by LPS-
treated macrophages.

We also confirmed a role of ABCAL1 in the apoA-I-mediated
suppression of cytokine production by measuring the effects of
apoA-I on cholesterol-loaded peritoneal macrophages from
ABCA1~’~ mice. The ability of apoA-I to suppress production
of TNF-« and IL-6 was absent in macrophages lacking ABCA1
(Fig. 5C), indicating a complete requirement for this trans-
porter for the anti-inflammatory effects of apoA-I.

DISCUSSION

We showed previously that the interaction of apoA-I and its
mimetic peptides with ABCA1l-expressing cells rapidly acti-
vates JAK2, and this enhances the direct interaction of apoA-I
with ABCA1 required for lipid removal from the cells (6, 7).
Here we show that this interaction also activates the transcrip-
tion factor STATS3, and this is independent of the lipid trans-
portactivity of ABCA1. STAT3 has an anti-inflammatory func-
tion in macrophages (9), a major ABCA1-expressing cell type,
and we found that the interaction of apoA-I with cholesterol-
loaded macrophages suppressed LPS-induced production of
inflammatory cytokines. Silencing STAT3 or ABCA1 in mac-
rophages reduced the ability of apoA-I to inhibit cytokine pro-
duction, indicating a critical role of these two proteins in the
anti-inflammatory effects of apoA-I. These findings show that
the interaction of apoA-I with ABCAl-expressing macro-
phages activates a JAK2/STAT3 pathway that has anti-inflam-
matory activity.
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FIGURE 5. Loss of anti-inflammatory activity of apoA-l in macrophages
from myeloid-specific STAT3 and ABCA1 knock-out mice. A, STAT3 immu-
noblots of peritoneal macrophages (PM), bone marrow macrophages (BMM),
or white blood cells (WBC) from STAT3""/LYS-M-CRE (KO) or STAT3"""*/LYS-
M-CRE mice (WT). B, cholesterol-loaded macrophages from WT or myloid-
specific STAT3 KO mice were pretreated for 3 h with apoA-I or 10 ng/ml of
IL-10 and incubated for 3 h with LPS, and cytokine mRNA levels were meas-
ured. Results are the mean * S.D. from six values representing two experi-
ments. ¥, p < 0.003 compared with WT. C, cholesterol-loaded macrophages
from ABCA1~/~ mice were pretreated for 3 h with apoA-l and incubated for
3 h with LPS, and cytokine mRNA levels were measured. Results are the
mean = S.D. from six values representing two experiments. *, p < 0.001 com-
pared with controls.

The two intracellular loops of ABCA1 (NBDs) each contain a
tetrameric amino acid motif (YXXQ) previously shown to cre-
ate STAT3 docking sites in cytokine receptors (15). Mutating
these sites completely abolished the ability of apoA-I to activate
and bind STAT3 without affecting the cholesterol export func-
tion of ABCA1, indicating that these sites are responsible for
the apoA-I-mediated STAT3 activation. Remarkably, the site in
NBD2 lies in a pentamer (GYPCQ) that has the identical
sequence as the prototypic STAT3 docking site originally
described for the gp130 subunit of cytokine receptors (15).
Mutating this site had the largest effect of preventing apoA-I
from activating STATS3.
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Whereas the JAK2/STAT3 pathway is oncogenic and pro-
inflammatory in many cell types (20), it has an anti-inflamma-
tory function in macrophages. Constitutive expression of active
STATS3 in cultured macrophages nearly abolishes LPS-induced
inflammatory cytokine production (9). Selective silencing of
STATS3 in mouse macrophages and neutrophils increases sus-
ceptibility to endotoxic shock and promotes chronic entercoli-
tis (21-23). The anti-inflammatory cytokine IL-10 suppresses
production of inflammatory cytokines in macrophages through
STATS3, and IL-10 knock-out mice have chronic inflammation
and increased atherosclerosis (24, 25).

Here we found that pretreating ABCA1-expressing macro-
phages with apoA-I suppressed subsequent LPS-induced pro-
duction of the inflammatory cytokines TNF-«, IL-13, and IL-6.
ApoA-I therefore primes ABCA1l-expressing macrophages to
resist LPS-induced inflammation. This effect of apoA-I was
reduced by knocking down STAT3 with an siRNA, silencing
STATS3 in myeloid-specific STAT3 knock-out mice, or inhibit-
ing STAT3 phosphorylation, indicating a role for STAT3 in the
anti-inflammatory effects of apoA-I. A role for ABCA1 was
confirmed by results showing that apoA-I lost its anti-inflam-
matory activity in macrophages from ABCA1~/~ mice.

Silencing STAT3 in macrophages did not completely reverse
the ability of apoA-I to suppress LPS-induced cytokine produc-
tion, indicating that some of the anti-inflammatory effects of
apoA-I are independent of STAT3. Based on studies with mac-
rophages lacking STAT3, it was estimated that 65% of the
effects of apoA-I on LPS-induced inflammatory cytokine pro-
duction could be attributed to STATS3. It has been shown that
the cholesterol export activity of apoA-I can also inhibit mac-
rophage inflammatory cytokine production by disrupting ste-
rol-rich membrane rafts (26-30). It is therefore likely that
apoA-I/ABCAL interactions can suppress macrophage inflam-
mation by multiple mechanisms. The availability of mutant
forms of ABCAL that lack the ability to activate STAT3 but
retain lipid export activity will allow us to examine the contri-
bution of these different mechanisms to the overall anti-inflam-
matory effects of apoA-L

There is controversy about whether or not selective deletion
of macrophage ABCA1 modulates atherosclerosis. Transplan-
tation of Abcal-deficient bone marrow into mice significantly
reduced atherosclerosis (31, 32), but myeloid-specific silencing
of ABCA1 in whole animals had no effect on atherosclerosis
(33). One explanation for these discrepancies might be related
to the macrophage-like cell types that lack ABCA1 in the ath-
erosclerotic lesions. Of particular interest is the fact that the
myeloid-specific ablation of ABCA1 had little effect on the den-
dritic cell ABCA1, a cell type that may play an important role in
atherogenesis (34). Loading macrophages with cholesterol
induces a dendritic cell phenotype (35), and STAT3 negatively
regulates dendritic cell function (36). It is also not known if
overexpression of ABCA1 in macrophages could have an anti-
inflammatory effect.

Taken together, the current and previous studies (5-7) show
that interaction of apoA-I with ABCA1-expressing cells rapidly
activates JAK2, which in turn activates two independent path-
ways: lipid export from cells and STAT3-mediated transcrip-
tion (Fig. 6). The observation that ABCA1 contains active
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FIGURE 6. A model for the ABCA1/JAK2-dependent branch pathway for
activation of cholesterol export and STAT3-mediated suppression of
inflammatory cytokine production by macrophages. A, ABCA1 intrinsi-
cally forms cell-surface lipid domains enriched with phospholipids (PL) and
free cholesterol (FC). B, apoA-I| binds to ABCA1, stimulating autophosphory-
lation (activation) of associated JAK2. C, the activated JAK2 both enhances the
interaction of apoA-I with ABCA1 required for lipid interactions and creates
STAT3 docking sites that promote JAK2-mediated phosphorylation of STAT3.
D, the lipid-bound apoA-I solubilizes the ABCA1-formed lipid domains to gen-
erate nascent HDL particles, and the phosphorylated STAT3 is translocated to
the nucleus where it regulates transcription events that suppress LPS-medi-
ated production of inflammatory cytokines.

STAT3 docking sites that allow it to function as a signaling
receptor is a unique property among cell membrane transport-
ers. One novel feature of ABCA1 compared with other eucha-
ryotic transporters is that its export function requires direct
molecular interactions between the transporter and the accep-
tor of the transported cargo. This creates the opportunity for
ligand/receptor-like interactions to regulate both transport
activity and signaling pathways.

Studies of human HDL deficiencies and mouse models have
shown that loss-of-function mutations in ABCA1 increase car-
diovascular disease (4, 31). This has been attributed to an
impaired removal of excess cholesterol from macrophages by
HDL apolipoproteins (37), which would lead to accumulation
of sterol-laden macrophages in the artery wall. Mice lacking
ABCAL in all tissues or selectively in macrophages have an
enhanced inflammatory response to LPS (26, 38, 39), implying
that macrophage ABCA1 has an anti-inflammatory function in
vivo and that this may contribute to its cardioprotective effects.
Studies of isolated macrophages from these mice suggest that
this may be secondary to the inability of ABCA1 to export lipids
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from cells, which modifies plasma membrane lipid rafts and
enhances LPS signaling (27). Our studies show that ABCA1 can
also directly suppress LPS-induced inflammatory cytokine pro-
duction by macrophages through a STAT3 pathway that is
independent of cholesterol export.

This novel dual function of ABCA1 may have evolved as
part of the innate immune system, particularly as a compo-
nent of the resolution phase of inflammation (40). Activated
macrophages at sites of inflammation release inflammatory
cytokines and phagocytose apoptotic cells, which contain
cholesterol-rich membranes. An unchecked accumulation of
cholesterol in macrophages can be cytotoxic and evoke exag-
gerated inflammatory responses (26, 41), thus promoting sus-
tained tissue damage. The induction of ABCAL1 by the accumu-
lating cholesterol would divert the cholesterol from cells into
the HDL pathway and prevent cytotoxicity and excessive
inflammation. In parallel, the induced ABCA1 would resolve
the inflammatory response through activation of JAK2/STAT3.
The same process is likely to occur in atherosclerotic lesions,
except that the major source of macrophage-engulfed choles-
terol would be sterol-rich lipoproteins trapped in the artery
wall. Thus, ABCA1 may be a direct link between the cardiopro-
tective effects of cholesterol export and anti-inflammation.
These findings also raise the interesting possibility that ABCA1
might have a protective role in other inflammatory disorders
characterized by the local accumulation of macrophages.
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